Intracellular pH (pH i ) can change during physiological and pathological conditions causing significant changes of electrical and metabolic cell-cell communication through gap junction (GJ) channels. In HeLa cells expressing wild-type connexin45 (Cx45) as well as Cx45 and Cx43 tagged with EGFP, we examined how pH i affects junctional conductance (g j ) and g j dependence on transjunctional voltage (V j ). To characterize V j gating, we fit the g j -V j relation using a stochastic four-state model containing one V j -sensitive gate in each apposed hemichannel (aHC); aHC open probability was a Boltzmann function of the fraction of V j across it. Using the model, we estimated gating parameters characterizing sensitivity to V j and number of functional channels. In homotypic Cx45 and heterotypic Cx45/Cx43-EGFP GJs, pH i changes from 7.2 to ∼8.0 shifted g j -V j dependence of Cx45 aHCs along the V j axis resulting in increased probability of GJ channels being in the fully open state without change in the slope of g j dependence on V j . In contrast, acidification shifted g j -V j dependence in the opposite direction, reducing open probability; acidification also reduced the number of functional channels. Correlation between the number of channels in Cx45-EGFP GJs and maximal g j achieved under alkaline conditions showed that only ∼4% of channels were functional. The acid dissociation constant (pK a ) of g j -pH i dependence of Cx45/Cx45 GJs was ∼7. The pK a of heterotypic Cx45/Cx43-EGFP GJs was lower, ∼6.7, between the pK a s of Cx45 and Cx43-EGFP (∼6.5) homotypic GJs. In summary, pH i significantly modulates junctional conductance of Cx45 by affecting both V j gating and number of functional channels.
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cell-cell coupling | pH-dependent gating | EGFP | hemichannel | connexon C hanges in intracellular pH (pH i ) take place under different physiological and pathological conditions, and H + ions have a broad effect on cell function including cell-cell electrical and metabolic communication mediated by gap junctions (GJs) and paracrine signaling through nonjunctional/unapposed hemichannels (1) (2) (3) (4) . Modest pH i changes have been observed under normal physiological conditions [e.g., changes of neuronal activity or the resting potential (5, 6)], and greater changes occur under pathological conditions such as hypoxia, ischemia, or epilepsy (4, 7, 8) .
During the last decade, significant progress has been made toward understanding the molecular mechanisms of pH-dependent modulation of GJs and hemichannels (2, (9) (10) (11) (12) . Several domains in the cytoplasmic loop and C terminus of connexin43 (Cx43) appear to be involved in pH-dependent gating (2, 9, 11, 12) . Furthermore, pH-dependent interaction of connexins with other cytoplasmic proteins may be important in the remodeling of connexins and in protection from lesion spread after local ischemic injury (13, 14) .
GJs provide channels with an inner diameter of ∼1.4 nm between the interiors of the coupled cells. This link allows the spread of electrical potential and small metabolites. Each GJ channel is composed of two apposed hemichannels (aHCs) or connexons, each with six connexin subunits. aHCs can be homomeric (all subunits of the same connexin isoform) or heteromeric (containing more than one connexin isoform). GJ channels can be homotypic or heterotypic, i.e., formed by the same or different aHCs. Different connexin compositions can lead to differences in single-channel conductance, permselectivity, and/or asymmetric voltage gating (15, 16) .
Each aHC has two mechanisms of gating in response to transjunctional voltage (V j ), the fast gate and the slow (or loop) gate (17) (Figs. S1 and S2). In addition, GJ channels can be gated by intracellular H + , Ca 2+ , posttranslational modifications, and a variety of chemical agents (18) . The mechanisms by which these factors exert their effect on GJs remains unclear, although H + and Ca 2+ ions may both act through the slow V j gate (11) . Here, we characterize pH i -dependent modulation of Cx45 GJs in HeLa cells expressing wild-type Cx45 or Cx45 tagged on its C terminus with green fluorescent protein (Cx45-EGFP). We also study heterotypic Cx45/Cx43-EGFP junctions to enable more accurate analysis of Cx45 aHCs. We found that much of the pH i -dependent change in junctional conductance (g j ) could be explained by modulation of the voltage-gating properties. In addition, the number of functional channels (N F ), i.e., those that can be gated by V j , increased modestly during alkalinization to approach a maximum but decreased markedly during acidification. From estimates of the total number of GJ channels, g j as a function of pH i , and single-channel conductance, we calculate that at alkaline pH i only ∼4% of the GJ channels in junctional plaques (JPs) are functional; the remaining 96% appear to be permanently closed (Fig. S2) . Thus, pH i affects g j by shifting the g j -V j relation of the aHCs along the V j axis as well as by altering the number of channels that can open.
Results pH i -Dependent Modulation of the Conductance of Cx45 GJs. Junctional conductance (g j ) between HeLa cells expressing Cx45 or Cx45-EGFP was measured by dual voltage-clamp and application of repeated V j ramps, 600 ms in duration, from +10 to −10 mV (Fig. 1A, Inset) . In the Cx45 cell pairs studied, g j under control conditions (pH i = 7.2) varied between 6 and 47 nS (n = 29). In HeLaCx45-EGFP cell pairs, g j under control conditions varied between 1.4 and 76 nS (n = 18), and, in general, g j was higher in cell pairs with larger JPs visualized by their EGFP fluorescence.
To examine g j as a function of pH i , we used CO 2 or ammonium chloride (NH 4 Cl) to reduce or increase pH i , respectively. Cells were exposed to modified Krebs-Ringer (MKR) solutions bubbled with CO 2 or with added NH 4 Cl, and the unesterified form of the ratiometric fluorescent probe, 2,7-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF), was dialyzed into the cells from the recording pipettes to measure pH i (Fig. 1A) (19) . Application of MKR solution bubbled with 5% CO 2 decreased pH i to ∼6.3, resulting in almost complete uncoupling. CO 2 decreased extracellular pH (pH o ) as well, but g j has been shown to be insensitive to external acidification (20) . The small increase in g j (arrow in Fig.  1A ; also see Fig. 4B ) as pH i starts to decrease has been described (21) . Application of 15 mM NH 4 Cl increased pH i from 7.2 ± 0.1 to 8.1 ± 0.2 (n = 18) and increased g j on average to 1.8 times its value at pH i = 7.2. Fitting the Hill equation to the g j -pH i relation for Cx45 (circles in Fig. 1B ) yielded an acid dissociation constant (pK a ) equal 6.96 ± 0.03 and Hill coefficient n = 1.43 (n = 12). Values for Cx45-EGFP (squares in Fig. 1B) were not significantly different (pK a = 6.90 ± 0.04 and Hill coefficient n = 1.45, n = 4). To test whether BCECF itself could affect our measurements, we used pipette solutions without BCECF and buffered to different pHs. After opening of the patches, g j was measured after reaching a steady state. Then the cells were exposed to MKR solution containing a high concentration of NH 4 Cl (20 mM) at pH o ∼8, and the g j -pH i relation was normalized to the maximum g j . The observed g j -pH i dependence (triangles in Fig. 1B ) overlapped the g jpH i relation determined using the BCECF probe, a convergence validating both approaches.
pH-Dependent Modulation of V j Gating in Cx45 GJ Channels. We examined g j -V j dependence of homotypic Cx45 GJs during acidification ( Fig. 2) and alkalinization (Fig. 3) . Because homotypic junctions typically demonstrate symmetric g j -V j dependence, we measured junctional current (I j ) only in response to 31-s V j ramps of negative polarity, from 0 to −110 mV ( Figs. 2A and 3A) . The experimental g j -V j relations calculated from I j and V j records are hemibell shaped with g j maximal at V j = 0 and markedly lower at more negative V j s (Figs. 2B and 3B, black curves). During acidification, g j was reduced ( Fig. 2 A and B) ; during alkalinization, g j was increased ( Fig. 3 A and B) . To analyze V j -gating properties, we fitted experimental g j -V j plots with a stochastic four-state model (S4SM) (Fig. S1) (22) . The S4SM assumes that the voltage across each aHC in the junction depends on the conductance of the aHC in series ("contingent gating") (23) and allows us to define parameters characterizing V j gating according to a Boltzmann relation, namely V o,H (voltage across an aHC at which its open probability, P o,H , is 0.5) and A H (coefficient characterizing the steepness of P o,H changes as a function of V H ). In addition, the S4SM allows us to define the actual number of Cx45 GJ channels with unitary conductance (γ o ) of 32 pS and residual conductance of ∼4 pS (24) that should be functional at any given time to explain the observed g j (Fig. S2) ; N F is the number of GJ channels with both slow gates open and with their fast V j -gates open or closed, depending on pH i and V j . Thus, during the fitting process, V o,H , A H , and N F were free parameters. The residual conductance and its rectification factor were additional free parameters.
Fitting of experimental g j -V j plots (gray lines in Figs. 2B and 3B) was performed assuming that each experimental g j -V j relation (black lines in Figs. 2B and 3B) is symmetric around V j = 0 (Table  S1 shows the parameters obtained to fit curves in Figs. 2B and 3B). In the S4SM we assumed the single aHC conductance (γ o,H ) for Cx45 was 64 pS (24) and that the residual conductance (γ res ) rectified so as to increase exponentially when the cytoplasmic side of the Cx45 aHC was more negative (legend in Fig. S1 ) (15) .
The uncoupling effect of acidification with 5% CO 2 decreased V o,H by ∼35 mV and decreased g j and N F to near zero, whereas A H remained virtually constant ( Fig. 2C and Table S1 ). In contrast, alkalinization increased g j 1.8-fold (Fig. 3B ) and increased V o,H by ∼40 mV (Fig. 3C) ; there was a small increase in N F , and A H remained virtually constant (Table S1 ). The same effects on V j gating were found in all seven experiments using intracellular acidification and all six experiments using alkalinization, including the one shown in Fig. S3 , where both CO 2 and NH 4 Cl were applied in the same experiment. 4 Cl. Repeated V j ramps of ±10 mV in amplitude and 600 ms in duration (Inset) were used to measure g j . (B) Normalized g j -pH i relations of GJs formed of Cx45 (circles) and of Cx45-EGFP (squares) with BCECF in the pipette to determine pH i ; these relations are superimposable. Triangles show g j -pH i dependence for experiments in which the pipette solution was buffered at different pHs and BCECF was omitted; pH o remained constant (7.4); g j was normalized to the maximum value at alkaline pH i . Data for Cx45 (circles) were fit by the Hill equation (solid black curve); pK a = 6.96 ± 0.03; Hill coefficient n = 1.43 (n = 12). Thinner dashed lines show 95% confidence interval (CI). (Fig. 2D) . In contrast, increase in g j during alkalinization was mainly the result of an increase of P O-O to ∼1 (Fig. 3Ec) , caused by increase in V o,H (Fig. 3C) , and a slight increase in N F (Fig. 3D) .
pH i -Dependent Modulation of g j and V j Gating in Cx45/Cx43-EGFP Heterotypic GJ Channels. We examined the g j -pH i dependence of heterotypic Cx45/Cx43-EGFP GJs to study pH i sensitivity of Cx45 aHCs and to test the hypothesis that pH i sensitivity of aHCs is similar in homotypic and heterotypic GJs. Cx45 GJs are more sensitive to pH i and V j than Cx43-EGFP GJs, and the P o,H of the less sensitive Cx43-EGFP aHC changed relatively little over the pH i and V j range that changed the P o,Cx45 aHC from high to low. For this reason we could evaluate the pH i and V j dependence of Cx45 aHCs at higher resolution in heterotypic than in homotypic junctions.
Homotypic Cx43 GJs show a pK a between 6.6 and 6.7 (9, 25) . We found that the pK a of Cx43-EGFP GJs was slightly more acidic (pK a = 6.50 ± 0.03, Hill coefficient n = 1.98, n = 6) (Fig.  S4) . Thus, the pK a of Cx43-EGFP is ∼0.5 units more acidic than that of Cx45 (pK a ≈7) (Fig. 1) . Cell pairs forming heterotypic Cx45/Cx43-EGFP GJs were selected based on EGFP expression in only one cell and the presence of one or more JPs between the cells (Fig. 4A) . Junctional conductance (g j ) was measured by repeated application of V j ramps from +10 to −10 mV and 600 (Fig. 4B) . NH 4 Cl increased g j , which reached a plateau when exposed to MKR solutions with pH o = 8.3 and containing 15 mM of NH 4 Cl that increased pH i to 8.3 ± 0.1 (n = 6). Here and below, we used alkaline MKR to increase pH i ; at neutral pH o we would have needed 30 mM or more NH 4 Cl to reach pH i = 8.3, which might have been an excessive increase in osmolarity. The best fit of g j -pH i dependence by the Hill equation was obtained with pK a = 6.70 ± 0.03 and Hill coefficient n = 1.6 (n = 6) (Fig. 4C) . Hypothetically, the g j -pH i dependence of GJs results from the pH i sensitivities of the two aHCs in series, and P o = P o,H1 ·P o,H2 (20) . We estimated the P o,H -pH i dependence for Cx45 and Cx43-EGFP aHCs (Fig. 4D, dashed  lines) by calculating the square root of P o at each pH i for homotypic GJs shown in Fig. 1B and Fig. S4 , respectively. The P o -pH i relation and pK a for heterotypic Cx45/C43-EGFP GJs falls between the P o -pH i relations and pK a s of the homotypic Cx45 and Cx43-EGFP GJs (pK a,Cx45 ≈7; pK a,Cx45/Cx43-EGFP ≈ 6.7; pK a,Cx43-EGFP ≈ 6.5). Thus, to a first approximation, the product of P o,H -pH i dependence of Cx45 and Cx43-EGFP aHCs predicts the P o -pH i dependence of heterotypic GJs (Fig. 4E) , suggesting that the series aHCs in heterotypic GJs respond independently to pH i .
To examine pH i effects on voltage-gating properties of Cx45/ Cx43-EGFP GJs, we determined g j -V j relations at different pH i by applying slow V j ramps from 0 to +100 and −100 mV at the times indicated by the numbers on the g j trace in Fig. 4B . In accordance with earlier reports (24, 26) , the g j -V j dependence at pH i = 7.2 was highly asymmetric around V j = 0 (Figs. 4F and 5B). Both Cx45 and Cx43-EGFP aHCs exhibit negative gating polarity, i.e., they close at relative negativity on their cytoplasmic side (24). V j s for which the Cx45 side is relatively negative (which we define as positive V j for Cx45/Cx43 heterotypic junctions) tend to close the Cx45 aHCs and open the Cx43 aHCs (Figs. 4F and 5B; gray lines are curves obtained with parameters shown in Table S2 ) (17) . V j s of the opposite sign tend to close the Cx43-EGFP aHCs and open the Cx45 aHCs. In addition, Cx43-EGFP lacks the fast-gating mechanism and is significantly less V j sensitive than Cx45 (27) . Finally, in heterotypic Cx45/Cx43-EGFP channels with both aHCs open, a larger fraction of an applied V j acts on the Cx45 aHC, because its conductance is ∼one-fourth that of the Cx43 aHC (24) , and consequently Cx45 aHCs are more V j sensitive in Cx45/Cx43-EGFP GJs than in Cx45/Cx45 GJs (22) . As a result of these factors, V j gating in Cx45/Cx43-EGFP GJs is determined mainly by the Cx45 aHCs at positive V j s, and the rightward shift of V j sensitivity without change in slope along the V j axis of heterotypic GJs during alkalinization (evident from data shown in Fig. 4F ) is ascribable almost entirely to modulation of the Cx45 aHCs. Hence, Cx45 aHCs in homotypic GJs and heterotypic GJs with Cx43-EGFP exhibit similar modulation of V j gating by pH i . Figs. 4G and 5C show probabilities of the channels being in the O-O state during alkalinization and acidification, respectively, at times corresponding to those indicated in Figs. 4F and 5B. P O-O -V j plots show that alkalinization enhances P O-O over the entire V j range, accounting for the rightward shift of the g j -V j relation (Fig. 4F) , whereas acidification reduces P O-O and N F , and shifts the P O-O -V j relation to the left, explaining the decrease in P O-O and g j . At acid pH i and V j < −30 mV, P O-O decreases, presumably because of the Cx43 aHC closing. Figs. 4H and 5D show relations between g j0 (normalized to g j at V j = 0 and pH i ≈ 7.2) and V o,Cx45 . Figs. 4I and 5E show relations between N F (normalized to its value at pH i ≈ 7.2) and V o,Cx45 . . These relations were obtained from fits of g j -V j plots shown in Figs. 4F and 5B, respectively, and support Functional Efficiency of Cx45-EGFP GJ Channels. We have reported that only ∼1/10 of Cx43-EGFP and ∼1/100 of Cx57 channels assembled into JPs are open at any one time at V j = 0, and we called this fraction (K) "functional efficiency" (19, 28) . To estimate K for Cx45-EGFP GJs, we used the same approach. In brief, we selected cell pairs with JPs that were oriented parallel to the focal plane and could be viewed en face (Fig. 6A) . To obtain fluorescence per unit area without edge effects, we selected JPs that were sufficiently large so that the fluorescence was uniform in a central region. We assessed fluorescence per unit area (F JP ) in this region in arbitrary fluorescent units (a.u.) and subtracted background fluorescence outside the JP. We assumed that each Cx45-EGFP channel occupied 100 nm 2 (corresponding to 10-nm center-to-center spacing in a square array and 10 4 channels per μm 2 ) as an approximation of values seen in atomic force microscopy (29, 30) . Thus, we assessed the fluorescence produced by a single GJ channel (F γ ) from the ratio F JP /10,000; on average F γ = 0.173 ± 0.001 a.u. (n = 19).
In combined imaging and electrophysiological studies, we measured g j and the total fluorescence intensity (F T ) of JPs independent of their spatial orientation. F T was estimated by measuring the total fluorescence in the region of interest (ROI) enclosing a JP (dashed ellipse in Fig. 6B ). To collect all light including that from regions that were not in the exact focus, the ROI was made several fold larger than the size of the JPs (28) . The total number of GJ channels present in each JP (N T ) was determined from the ratio, N T = F T /F γ . JPs with ∼4.6 × 10 3 to 75 × 10 3 GJ channels (n = 14) based on fluorescence ranged from ∼1-4 μm in diameter. During exposure to MKR solution at pH o = 8.3 and containing 10 mM NH 4 Cl, P O-O at V j = 0 was equal to 0.98 ± 0.03 (n = 6) ( Fig. 3Ec and Fig. S3Ec ), and N F approached a maximum, N Fmax , which is equal to maximum g j (g jmax )/γ ο . We hypothesize that P O-O for these channels was ∼1 and that P O-O for the remaining, nonfunctional channels was ∼0. Thus, the fraction of functional channels is the ratio of N Fmax to the total number of channels, K = N Fmax /N T . We found that under alkaline conditions for GJs ranging from 102 to 3,160 channels, N Fmax was linearly related to N T with K = 0.039 ± 0.003 (n = 14) (Fig. 6C) , and the fraction of functional channels is ∼1/25.
Discussion
Here we propose that an increase of g j between Cx45-expressing cells with alkalinization from normal pH i is caused mainly by an increase in open probability, P O-O , of the functional channels. Acidification-induced full uncoupling is approached by decrease in both P O-O and N F . The parameter A H characterizing steepness of g j dependence on V H , remained virtually constant during pH i changes, suggesting that the gating charge involved in voltage sensing did not change significantly. Generally, g j -V j dependence has been used to compare and characterize GJ channels formed by different Cx isoforms (31) . Here we demonstrated that V j gating can be modulated by pH i (see also ref. 32). For example, Cx45 GJs, which are highly V j sensitive at normal pH i , can be modulated by intracellular alkalinization, so that their g j -V j dependence resembles that of connexin26, which is relatively V j insensitive around V j = 0. Similar changes were reported for connexin 57 (Cx57) (19) . Fluorescence imaging showed that the size of Cx45-EGFP and Cx43-EGFP homotypic GJs remained constant during exposure to and recovery from CO 2 or NH 4 Cl (for Cx43-EGFP, see ref. 27 ). Furthermore, the pH i -dependent changes in g j over the time intervals measured appeared too fast and reversible to result from de novo formation or internalization of GJ channels. Fitting analysis showed that with increasing alkalinization P O-O increases asymptotically to a maximum that we hypothesize is unity at V j = 0. If so, only ∼1/25 of Cx45-EGFP channels assembled into JPs are functional, i.e., can be activated by changes in V j and pH i (Fig. 6) . The presence of such a small fraction of functional channels is not unique to Cx45 but also applies to Cx43 (28) and Cx57 (19) , and their functionality may be determined by factors such as time needed for maturation after docking of two hemichannels, interaction with other proteins, and phosphorylation, which may move channels between functional and nonfunctional populations. Moreover, channels not mediating cell-cell coupling may be involved in other functions. We found that pK a of Cx45/Cx43-EGFP heterotypic GJs is equal to 6.7, which is between pK a s measured for GJs formed by Cx45 (Fig. 1B; pK a ≈ 7.0) and Cx43-EGFP ( Fig. S4B ; pK a ≈ 6.5). pK a reported for wild-type Cx43 measured in Xenopus oocytes (9) and Novikoff hepatoma cells (21) is 6.7; thus, attachment of EGFP to Cx43 C terminus appears to acidify pK a,Cx43-EGFP by ∼0.2 units as well as to eliminate the fast-gating mechanism (27) . In the pH i range of 6.7-8.0, Cx45 aHCs largely determine g j of Cx45/Cx43-EGFP heterotypic GJs. Theoretically, if the two aHCs in series act independently, the g j -pH i dependence of GJs results from pH i sensitivities of both aHCs in series, and pK a should be ∼6.7, as observed experimentally (Fig. 4E) . Thus, in these heterotypic junctions, at least, docking of unapposed hemichannels appears not to affect their sensitivity to pH i .
Similarly, V j gating in Cx45/Cx43-EGFP GJs should be determined mainly by the Cx45 aHC for two reasons: (i) Cx45 is more V j sensitive than Cx43-EGFP in homotypic junctions (24) , and (ii) most of the V j drops across the Cx45 aHC because of its ∼3.6-fold lower conductance, resulting in an increase and decrease of V j gating of Cx45 and Cx43-EGFP aHCs, respectively (22) . In Cx45/ Cx43-EGFP heterotypic GJs, sensitivity to V j around V j = 0 is caused mainly by changes in the Cx45 aHC.
Changes in pH i have important effects on cell function. For example, in cardiac muscle changes in pH i influence normal tissue function by affecting excitability, contractility, and intercellular communication through GJs (33) . This pH-dependent modulation of GJ channels may be critical under severe pathological conditions, because the uncoupling effect of low pH i may reduce propagation of metabolic stress from damaged cells to healthy neighbors (34, 35) or prevent rescue of stressed cells by healthier neighbors, as discussed later. Brief periods of global ischemia can produce fast intracellular acidosis of ∼0.4 pH units in isolated ferret hearts (36) . Increase in impulse frequency rate from 1 to 3 Hz causes a decrease in pH i by ∼0.3 units in isolated sheep Purkinje fibers (37) . pH i decreases more dramatically during global ischemia in a perfused rat heart model (38) when pH i drops to ∼6.2, which accounts for much of the observed failure of contraction (36) . A pH i decrease from 7.2 to 6.8 in cells expressing Cx45 would reduce g j more than twofold. This change would affect cell-cell metabolic communication, electrical signaling, and, consequently, the conduction of excitation in tissues where Cx45 is expressed extensively, e.g., the conduction system of the heart (39), smooth muscle cells of blood vessels (40) , and certain neurons (41) . Furthermore, Cx45 knock-out mice die in utero because of atrioventricular conduction block, impairment of atrial contraction, and severe dilation of the heart (42, 43) .
Ischemia can result in local acidosis where capillary perfusion is greatly reduced, and neighboring less acid-loaded regions can help maintain pH by diffusion of hydrogen ions through the extracellular and intracellular compartments. Connexin-based GJ channels and hemichannels may serve as conduits for intracellular acid dissipation, especially because the classical sarcolemmal routes for acid efflux appear to be inhibited (44) . Studies of normal/ischemia border regions in isolated preparations of the heart showed that preservation of ischemic cells by neighboring cells exposed to normal perfusion is greater in the longitudinal than in transverse direction of the fibers, consistent with ∼7-to 10-fold stronger cell-cell coupling in the longitudinal direction (45) . However, under severe ischemic conditions GJ communication is blocked (46) , and this blockage may limit both the spread of damage and the cell-rescuing/ preservation effect of GJs. Thus, during mild ischemia GJs remain open to preserve ischemia-affected cells, but when ischemia worsens, GJs shut down, a response that may isolate damaged areas and improve organ survival.
In summary, modulation at alkaline pH of cell-cell coupling of Cx45 homotypic and Cx45/Cx43 heterotypic GJ channels can be explained largely by changes in V o,H with little change in A H and N F . Acidification decreases the number of functional channels and shifts V o,H so as to reduce P O-O , while A H remains constant. The decrease in V o,H appears continuous over the entire pH range investigated. i.e., ∼6-8, suggesting a single mechanism. Cx45 GJ channels contain both fast and slow gates. Although we cannot yet clearly separate the effects of fast and slow gates on V j -and pH i -dependent gating, we hypothesize that pH i affects N F through modulation of the slow gate, whereas changes in V j gating are largely determined by the fast gate.
Methods

SI Text includes details of the experimental procedures.
Experiments with homotypic junctions were performed on HeLa cells transfected with wild-type Cx45, Cx45-EGFP, or Cx43-EGFP. Experiments with heterotypic junctions were performed on cocultures of HeLa cells expressing Cx45 or Cx43-EGFP. Junctional conductance (g j ) was measured using the dual whole-cell voltage clamp method (15) . Fluorescence signals were acquired using UltraVIEW software for image acquisition and analysis (Perkin-Elmer Life Sciences). For ratiometric pH i measurement, the unesterified form of BCECF (10 μM) was introduced into the cells through patch pipettes in whole-cell voltage-clamp mode. Dye was excited alternately with lowintensity 436-nm and 500-nm light for 0.5 s every 15 s (to minimize photobleaching), and the emitted light was filtered at 540 nm.
